SnO 2 nanocrystals ͑NCs͒ with spherical, cubic, and cuboid nanorod morphologies are obtained at different stages in hydrothermal synthesis using a SnCl 4 ·5H 2 O to CO͑NH 2 ͒ 2 ratio of 1 to 10. Microstructural examination and theoretical derivation reveal that small spherical NCs are formed initially and some of them morph into cylindrical NCs because of the low surface free energy. These NCs transform into bigger cubic NCs with time finally evolving into cuboid nanorods due to Brownian motion. The cuboid nanorods have a lower surface free energy than the cubic NCs and constitute a stable nanostructure. © 2011 American Institute of Physics. ͓doi:10.1063/1.3572021͔
Tin oxide ͑SnO 2 ͒ is one of the most attractive materials due to its interesting fundamental physical properties and promising applications in next-generation, high-performance devices such as photoluminescence materials, solar cells, gas sensors, catalysts, and biosensors. [1] [2] [3] [4] [5] Since the properties of nanoscale materials depend strongly on their size and shape, it is extremely desirable to be able to control the size and morphology precisely during synthesis. This is also the case for SnO 2 nanocrystals ͑NCs͒. Generally, NCs produced chemically are far larger than the exciton Bohr radius ͑2.7 nm for SnO 2 ͒ ͑Refs. 6-16͒ and so it is difficult to achieve unequivocal quantum size effects. Recently, cubic SnO 2 NCs with sizes less than 5 nm were synthesized by controlling the reactant ratio between SnCl 4 ·5H 2 O and CO͑NH 2 ͒ 2 . 15 In addition, the morphology of the SnO 2 NCs, which is sensitive to the reaction temperature and time, can be changed from cubes to cuboid nanorods or nanospheres. 15, 17 These small nanostructures are not usually observed from other materials. In order to fathom new physical phenomena such as morphology-dependent surface acoustic vibrations, it is necessary to determine the formation mechanism of the different morphologies. In this letter, we fabricate different SnO 2 nanostructures using a simple hydrothermal technique and by conducting systematic microstructural examination and theoretical calculation, the formation mechanism of the ultrathin cuboid nanorod is determined and a synthesis method that can control the morphology and size of the nanostructures is described.
SnO 2 NC samples were fabricated by a hydrothermal reaction involving SnCl 4 ·5H 2 O and CO͑NH 2 ͒ 2 . In a typical process, 0.08 g of SnCl 4 ·5H 2 O and 0.8 g of CO͑NH 2 ͒ 2 were added to a 40 ml closed cylindrical Teflon-lined stainless steel autoclave containing 32 ml of de-ionized water, and then 1.6 ml of fuming HCl was introduced, followed by ultrasonic treatment and heating to 90°C for 5, 8, 24, or 72 h. After the reaction, the autoclave was cooled to room temperature naturally. The white precipitates were centrifuged, rinsed thoroughly with water and ethanol several times, and dried at 40°C in an oven. The morphologies were examined by high-resolution transmission electron microscopy ͑HR-TEM͒ ͑JEOL-2100͒. Figure 1 shows the HR-TEM images that disclose the morphological evolution from SnO 2 nanospheres to ultrathin cuboid nanorods. The HR-TEM image of the 5 h sample which contains SnO 2 NCs with very small diameters of 1.5-3.3 nm is depicted in Fig. 1͑a͒ . These NCs have an almost spherical shape ͑white circles͒ due to minimization of the surface free energy. A small amount of nanospheres begins to coalesce to form the metastable nanorod morphology ͑white circles, inset͒. As the reaction time is increased to 8 h, the nanospheres transform into cubic NCs with a larger size of a͒ Authors to whom correspondence should be addressed. Electronic addresses: hkxlwu@nju.edu.cn and paul.chu@cityu.edu.hk. 2.5-4.2 nm. 15 After reacting for 24 h, the cubic NC size is further increased to 2.8-5.0 nm and some cubic NCs begin to morph into cuboid nanorods, as shown in Fig. 1͑c͒ . The representative NCs have the lattice fringes of 0.343 and 0.265 nm which correspond to the ͑110͒ and ͑101͒ planes of SnO 2 . The selected-area electron diffraction ͑SAED͒ pattern is shown in the inset of Fig. 1͑c͒ . The four diffraction rings ͑inner to outer͒ represent the ͑110͒, ͑101͒, ͑211͒, and ͑301͒ planes of SnO 2 . When the reaction time is increased to 72 h, the interfacial layers between the cubic NCs are eliminated and the cubic NCs self-assemble into individual larger cuboid nanorods with diameters of 2.3-3.5 nm and lengths of 7.8-15 nm as shown in Fig. 1͑d͒ and the inset. Based on the SAED patterns and HR-TEM results described above, two faces of the cubic NC are inferred to be mainly the ͑110͒ ͑1.401 J / m 2 ͒ and ͑101͒ ͑1.554 J / m 2 ͒ planes and another face grows along the ͗001͘ direction. 18 Since the ͑001͒ plane has the largest surface energy ͑2.363 J / m 2 ͒, the cubic SnO 2 NCs tend to connect with each other along the ͗001͘ direction to reduce the surface free energy according to the lowest energy principle. 15 According to the x-ray diffraction ͑XRD͒ patterns acquired on a Philips XЈ pert Pro x-ray diffractometer equipped with a Cu K␣ x-ray source with a radiation wavelength of 1.5406 Å ͑data not shown͒, as the synthesis time is increased, the ͑200͒ and ͑301͒ diffraction peaks weaken thus illustrating preferred orientation growth of the SnO 2 NCs.
Because the present SnO 2 nanostructures have the spherical, cubic, and rectangular parallelepiped ͑a = b c͒ geometries, the differences in the surface free energy are employed to theoretically derive the cuboid nanorods formation mechanism. Based on our theoretical analysis, 19 the total surface free energy E has two growth-dependent terms. One is the surface free energy from the edge of the NC surface which is proportional to the circumference S 1 =4nL 2 ͑n and L are the NC number and size, respectively͒ with a proportionality surface energy ␥ 1 ͑joule per square meter͒. The other is the free energy related to the conjoint boundary: S =2nL 2 for the random distribution case and S c =2L 2 for the oriented coalescence case with the corresponding cubic NC growth orientation surface energy ␥ s ͑joule per square meter͒. Hence, the total surface free energies for the random distribution and coalescing cases can be expressed by
respectively. For a cubic NC with L = 2.5 nm, the surface free energy as a function of the NC number is calculated and displayed in Fig. 2 . According to the lowest energy principle, the surface free energy difference in the two cases, namely, random distribution and oriented coalescence, increases with the NC number and then the system gradually becomes unstable. Therefore, the oriented attachment of NCs is preferred over the random distribution. This explains why the final selfassembled product consists of cuboid nanorods. The surface free energies of cubic NCs with the ͑110͒ and ͑101͒ planes are calculated and shown in the left upper inset. The ͑110͒ plane has a lower surface free energy ͑1.401 J / m 2 ͒ and thus grows preferentially and the corresponding NCs can coalesce spontaneously via the ͑001͒ plane ͑2.363 J / m 2 ͒ due to energy optimization. 18 This also explains why most of the NCs have the ͑110͒ surface.
To further investigate the morphology transformation, we calculate the atom number ratio, N s / N v , of the surface and bulk of the nanosphere and cubic NC to compare the surface free energy difference. The result is shown in the lower right inset in Fig. 3 . The surface atom number of the cubic NC is larger than that of the nanosphere and this difference is reduced with increasing NC size. This suggests that a spherical NC with a low surface free energy is stable especially when the NC size is small. Hence, it is understandable that small nanospheres are first produced and then transform into metastable cuboids due to approximately the same bulk-surface atom number ratio for larger sizes. This formation mechanism only occurs in a certain NC size range and also depends very much on the synthesis conditions. In our experiments, an appropriate amount of HCl is added to adjust the pH value to about 7. This depresses the nucleation rate with time and slows down the aggregation of SnO 2 clusters during the solution-phase process. 17 Thus, small coalesced nanospheres are produced by oriented attachment of the SnO 2 clusters and as a result, the single spherical seed NC morphs into a cylindrical shape and the final cuboid nanorods morphology shown in Fig. 1 .
Based on the HR-TEM images and our theoretical derivation, the formation mechanism of the ultrathin SnO 2 cuboid nanorods is illustrated in Figs. 3͑a͒-3͑d͒ . Initially, SnO 2 clusters aggregate to form spherical NCs on account of energy optimization. The nanospheres then partially transform by oriented attachment of the SnO 2 clusters to cylindrical seeds due to the reduced nucleation rate. These mixed nanospheres and cylindrical seeds are randomly distributed when the synthesis time is short ͓Fig. 3͑a͔͒. Brownian motion allows the nanospheres to collide with each other leading to a low-energy configuration ͑they are oriented and connected to the cylindrical NCs͒, 20 and they have a cubic morphology in order to reduce the surface free energy ͓Fig. 3͑b͔͒. As the reaction proceeds further, the cubic NC number and size increase inevitably raising the surface free energy of the system. In order to reach a stable configuration with a low surface free energy, neighboring cubic NCs coalesce to form a coherent cubic-cubic NC boundary induced by the Brownian motion at high temperature ͓Fig. 3͑c͔͒ and finally produce individual larger cuboid nanorods without the coherent layers ͓Fig. 3͑d͔͒.
